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Water as a Global Problem

eMore than 1.1 billion people across the globe currently lack
access to safe drinking water

eFresh water supplies are declining while populations are
increasing

eUnited Nations predicts that by 2027 one third of the world
will face water scarcity problems

e 70% of global fresh water demand is used for agriculture
elt is estimated that 15-35% of irrigation practices worldwide &

are unsustainable due to pumping ground water aquifers
faster than they can recharge

einternational Food Policy Research Institute predicts 120% g
increase in food prices by 2025 due to fresh water shortages
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Energy/Water as a U.S. Problem

e41% of freshwater drawn in the U.S. is for
thermoelectric power plant cooling

3% of cooling tower water load is evaporated and
dissipated

e\Warming trend and over-pumping of natural water
bodies places water cooling for thermoelectric
power production at risk

eDesalination technologies in water stressed
regions are energy intensive

e\Water demand for fossil energy exploration and
production is increasing

e Agricultural runoff water is damaging eco systems
and is increasingly regulated
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Majority of U.S. Fresh Water Withdrawal is for
Cooling Thermoelectric Power Plants

Withdrawal (2005, US)

Industrial Mining
5% 1%
Thermoelectric
41%

Livestock and
aquaculture
3%

Irrigation
36%

Domestic and
public supply
14%

Total 483 Billionm?3

197 billion m3 annual withdrawal for thermoelectric power
22 billion m3 withdrawn for cooling towers, 5 billion m2 dissipated
287 m? water required per metric ton of potatoes produced
17.4 Mtons of potential food production dissipated (more than 5 times world annual yield of potatoes)
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U.S. Power Plant Infrastructure is Heavily
Reliant on Water Cooling

Water Cooling Dry Cooling Hybrid Cooling!
Cooling Tower! (42% in US)? Direct Dry Cooling': Eoina
Alr Cooled Condenser

(1%lUsage in US)2

Once Through Cooling'
(43% in US)2

Increasing demand for dry
cooling in water scarcity
regions.

[

[ W ———

—— Cooling Pond

b

1. EPRI Report, "Water Use for Erectic Power generation”, No. 1014026, 2008,
2 Repor of Department af Energy, National Enargy Technoigy Labarstory, Estmating Freshwater Nesds fo ot Futve
Thermoelectnt Genemtion Reguirements”, DOENETL-4D0/2006/ 1330, 2008
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Current Trends in Consumption, Population Growth, and
Climate, Create Barriers for Power Plant Water Cooling

Lack of water availability/drought/population growth
— Regional problems (FL, TX, CA)

Rising water temperature and effluent temperature limits
— Curtailed production for existing plants
— Permitting restrictions for new plants
— EPA 316a — thermal discharge limits

Other Regulations

— EPA 316b putting more difficult requirements on once-
through cooling systems
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Lack of Water Availability/Drought

_ March 18, 2014
U.S. Drought Monitor U.S. Drought Monitor (Released Thursday, Mar. 20, 2014)

West Texas Valid 7 a.m. EDT

Drought Conditions (Percent Area)

Mone | DO-D4 [ D1-D4 | D3-D4 gukze S sr

Current 26,49 | 71.51 | 6044 | 4195 [ 1619 | 361
LastWeek | o709 | 72.91 | 58.65 | 4020 | 1527 | 381
31172014
B 3 Months Ago
—| 2253 | 7747 | 51.20 | 3061 | 7.56 | D63
| 121702013
| i 1‘ [ Start of
] Calendar Year | 2220 | 77.80 | 5144 | 31.11 | 7.75 | D.B3
| | 120312013
| Start of
Water Year 2525 | 7475 | 58.96 | 3418 557 | 063
16172013
One Year Ago | o 56 | 77.44 | 63.05 | 41.15 | 1572 | 3.13
3192013
Intensity:
D0 Abnormally Dry - D3 Extreme Drought
" D1 Mederate Drought - D4 Exceptional Drought
.t : D02 Severs Drought
The Drought Monitor focuses on broad-scale conditions.
Local conditions may vary. See accompanying text summary

for forecast statements.

Author:
Enc [uebehusen

U.S. Department of Agriculture

RN TN, =) http://droughtmonitor.unl.edu/
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Drought Vulnerability Impacts Regional Food
Production
A Record Dry 20153

(@) San Francisco () Sacramento () LA,
(__) Eugene, Ore.

Almond Farm , February 25, 2014 in
Turlock, California.

Inches of precipitation

HOPE
IS NOT A STRATEGY

At ARPA-E:

2013 precipitation
Previous Driest Year
Yearly Average-to-Date
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https://www.google.com/url?q=http://www.lifeplanningtoday.com/2013/04/03/stock-market-roars-up-use-logic-rather-than-emotion/hope-is-not-a-strategy/&sa=U&ei=-nFcU9cvjIrIBOy7gMAF&ved=0CEgQ9QEwDQ&usg=AFQjCNEQ74_XsecpoV6tMB_ekXspFtDoHQ

Current Challenges in Water Supply Impacting
Regional Power Production

Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Current Challenges in Regional Water Supply
Impacting Power Production

Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Current Challenges in Regional Water Supply
Impacting Power Production

Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Current Challenges in Regional Water Supply
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Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Current Challenges in Regional Water Supply
Impacting Regional Power Production

Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Current Challenges in Regional Water Supply
Impacting Power Production
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Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Annual mean temperature (C) Annual mean temperature (C)

Annual mean temperature {C)

Watershed Temperatures Reveal an Increasing

Trend over a 100 Year Time Frame.

Hubbard Brook, New Hampshire

Hudson River, Poughkeepsie drinking
water supply, New York
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Critical Thermal Maximum for Fish

|
Striped bass

Smallmouth bass
Spotted bass
Brook trout
Brown trout

32°18

Rainbow trout
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Source: Kaushal et al. 2010
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Based on EPRI Study, ARPA-E Concludes Lack of
Water Availability by 2030 Puts ~3 Quads at Risk

Water Supply Sustainability Risk Index (2030)
Business as usual
W Extreme (106)
W High (247)
Modarata (695)
Low (2034)

Based on Population Growth

...........

Figure 5-9
Water supply sustainability risk index.

Notes/Assumptions

3.29 of 13.5Q electricity generation at risk

Power generation (Q) vulnerability in 2030

7.84

B High/Extreme risk No/Low risk

H Already Dry Cooled No Cooling Required

H Other Undocumented or Uncooled

+ Analysis does not yet consider projected plants — this is only existing production

« BAU means water supply/supply trends at 2005 levels, but population growth ~1%/yr (US Census Bureau)
« Water use/requirements per capita remain at 2005 levels

* No climate change is considered

QirpQa-e
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New EPA Regulations Impose Barriers to Water
Cooling for Future Power Production

eRule 316(b) of the Clean Water Act requires “best
technology available” to minimize the mortality of
aquatic life associated with power plant cooling.

eApproximately 2.1 billion marine lives killed per
year due to power plant intake on once through
cooling systems

Dead fish cause nuke plant shutdown

A massave dhe-0ff of mooa yibyinh cogied e cochng wadiy ntske Sters 51 P
SU oo nuciesr power plart n SU Lacs in 00 August The et led 1o &
fermporary shusdown of De plart and iied dorens of protected Golh Groupers

oEPA Rule 316(b) Phase Il requires 80-95% g thes 12, g o e ke arot wth cacasoes ht ad 0 be osied
reduction in impingement mortality; will all but p \

phase out once through cooling (>40% of U.S.
installations—550 facilities) as a viable option

oEPA Rule 316(a) limits water temperature
discharge back to water source (Tyischarge<32 °C)

Qi @ 19
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Peering Into the Future

2012 Northeastern University study,
which considers population growth and
climate changes, predicts water
shortages on a national scale by 2050

e ARPA-E Commissions Northeastern
University to study effects of population
growth and climate change on water R e e

gvailability and water temperature in 4 yr Ll L o
Increments out to 2042 Low (897) 0 2% %0 100

Qi D|)\i° S 20
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Northeastern Study Suggests that Negative
Water Scenarios Grow Into A National Problem

2018 - 2022 2023 - 2027

Net Water (Mgal/year)

< -2000000

> -2000000 - -800000
> -800000 - -400000
> -400000 - -200000
>-200000 - -100000
>-100000 - 0

>0 - 100000

> 100000 - 400000

> 400000 - 800000

> 800000
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Continued Reliance on Water Cooling for
Thermoelectric Power Plants is Risky

eNegative water recharge expected to grow significantly over
next 15 years

eMore stringent EPA regulations on water intake and thermal
discharge will render once-through cooling obsolete

eRising water temperatures adversely impact power
production and efficiency (3° C rise in condenser
temperature results in 1% reduction in power production)

P lal(C
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Current Trends in Greenfield Power Plant
Cooling—Air Cooled Condensers

e Air-Cooled Condensers (ACCs)

— Obtaining a water permit is too
costly with uncertain timeline

— ACCs used as far North as
Canada & Alaska: <60 Total
ACCs units in US

eLower Power Conversion Efficiency

— ACCs resultin 1-5 % loss of
power output from turbine

— CO2 emissions/kW-h increase
e Maintenance

— Issues with wind loading, fan
failure, fan noise, corrosion, &
leakage persist

......
st

ACC mstallatlon |n Callfo‘r:hla
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Programmatic Objectives

Alternative Power Plant Cooling Program Objectives

Develop transformative power plant cooling technologies
that enable:

|. Zero water dissipation to the atmosphere
ll. No loss of power production efficiency
lll. Compliance with EPA Rule 316(b) Phase Il

N T Y =
P leC
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Importance of Sink Temperature to Steam Power

Productio

n

Lower sink temperature allows more work to be extracted from
turbine, which yields higher cycle efficiency

400-

350+

300+

250

Temperature {C)

1004

20

0
0
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Why Not Cool With Air?

e Challenge 1: higher capital cost since more HX area required

q — UAAATLM

For forced air, h = 10 — 100 W/m2K
For water, h = 500 — 10,000 W/mZ2K

« Convection heat transfer coefficient for water is several orders of magnitude
higher than air.
« Significantly more heat transfer area required for air cooled HX

eChallenge 2: temperature of air is variable and often above the
design point

Yoa'aYa
i |i\-i° < Draft — Official Use Only
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Lost Power Production due to Backpressure
Above the Turbine Design Point (El Paso, TX)

EPRI study comparing Air Cooled Condenser vs Cooling Tower Retrofit

Comparison of lost product for wet vs dry systems

100.00%

90.00%

80.00% B
70.00% //h‘ ) SRHEL

60.00%

50.00%

40.00%

(] \\
30.00%

0 \

Percent of time at or above turbine backpressue

20.00% \--.._____
10.00% T~
0.00% ' ; !
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14%
Lost production
= Dry Cooling (Dry Bulb) —— Evaporative cooling (Wet Bulb)
@ |
e P leH(C 28
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What is Wet Bulb Temperature? What is
Attractive About Cooling Towers?

Iermometers

e\Wet bulb temperature is the water
temperature that can be achieved by
evaporating into and fully saturating
surrounding ambient air

QirpQ-E
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> > - - - -
. eCooling towers provide an inexpensive
»
Airfiow . 2 = : : :
. ,-,. 7 wdow means for cooling water below ambient air
: > el temperature
-
Dy bub Wet bub p
Table 3-13: Time-Weighted Averages for Eight-Hour Period from 8am to 4pm (°F) QDL_
ILocation Jan Feb Mar Apr May Jun Jul. Aug Sep Oct Nov Dec Design AB0Y, -‘h""‘--h..
1% Web bulb temp (F°) 3/?,:1_ ® 60% 40:];-&__&
; "~ Jo 'x._.__h.
oston WetBulb 275 293 363 446 539 627 679 674 615 520 426 326 740 70" T~ ~—
el e 20% RH
DryBulb 330 353 432 535 63.8 739 800 782 704 599 495 384 880 59_:{/?2" UBJGJ__-:“’ wB e
Tacksonville WetBulb 529 553 596 645 703 751 771 771 751 691 631 559 790 40 f‘EE{" g .EE';;*DB@.BQWB T~
DryBulb 598 636 703 766 830 872 893 881 851 778 706 626 930 e S . T T
e = ~|" lx""“a
Kchicago WetBulb 233 270 372 466 566 649 698 693 622 512 391 279 760 r‘“%--.&_ .‘M.-'“"'x_j T \ ~
DryBulb 276 318 439 557 679 774 825 806 724 599 450 322 890 = e =
Seattle WetBulb 394 418 442 472 520 560 592 596 572 510 440 397 650
Dry Bulb 1.6
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Air Cooled Condensers are Used on a Limited
Basis

Air is poor heat transfer fluid: large surface areas required (condenser
tubes: 10-11 external fins per inch, with a tube length of ~7+ miles
of tube per MW of generator output)

___________________ 11 A2
a et O S A TN

lﬂ////llllllll i A AR
ummum\\\\\\\\\\\\\\\\\\\\,
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Drawbacks with Air Cooled Condensers

Steam
Pipe

| Street

Water /

Pipes

Courtesy of Jessica Shi; EPRI

QrPG-@
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eHigh cost (up to 5 times
greater than wet cooling
tower systems) due to large
size and poor heat transfer

e Approximately 9% increase
in LCOE

eLower power conversion
efficiency

eFinned surfaces susceptible
to freezing during winter

eA-Frames are susceptible to
high wind loading

eHigher maintenance costs

31



Higher Costs Associated with Air Cooled

Condensers

Comparison of annualized costs for wet and dry
cooled power plant systems in various climates

$5,000,000
$4,500,000 -
$4,000,000 -
$3,500,000 -
$3,000,000 -

$2,500,000 -

Annual Cost

$2,000,000 -
$1,500,000 -
$1,000,000 -

$500,000 -

Sl

El Paso  Jacksonville Bismarck Portland  Pittsburgh

W Annualized Capital Cost ® Annualized Fan Power ™ Cost of Lost power

m Maintenance m Water Cost

QrpPQ-@
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Lower heat transfer coefficient:
« more HX area required
« Higher annualized capital cost
« Higher maintenance cost
« Heat transfer coefficient can be
increased by higher velocities; more
fan power required
Using dry bulb temperature in lieu of wet
bulb temperature
» Decreased performance results in
lost power cost

8-10% increase in LCOE with ACC

http://mwww.nrel.gov/docs/fy060sti/40163.pdf

32



Air Pumping Imposes a Parasitic Load

Fan efficiency falls off significantly away
from the design point

pressure

power
efficiency

volume flow
Courtesy of Jessica Shi; EPRI
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Indirect Dry Cooling in Stages: Air, Absorption, &
Radiative Cooling Meets Programmatic Objectives

Absorption Cooling
(with energy from Stack)

=

3
5
a
g
e o Radiative Cooling
Q

o Air Gooled HX

T=15°C T=45°C

T=25°C

>

.

Tsat=50°C

T air=20°C T air=20°C

T=15C

Reservoir

(ifoljﬁi"'@' 34
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Different Climates May Require Different
Solutions

N

N
/o
Portland, OR

-—
Tem Annual | Summer
P Average

Average

Bismarck, ND

I Annual Summer | . ff.

ol Average Average

Wet bulb 9.17°C 13.8°C

Dry bulb 12.0°C 18.6°C Wet bulb 2.67°C 12.9°C =t

Sky~25km  -52.3°C -48.1°C Drybulb _ 5.67°C - 18.6°C Pittsburgh, PA
Sky ~25 km 52126 -46.3°C =27

Wet bulb 10.5°C
Drybulb « 10.5°C

Sky ~25 km -53.0°C
‘ < )

= -
ummer Jacksonwville, FL
Average

El Paso, TX

I Annual Summer
Average Average

15.:25C —T Annual Summer
fene Average Average

3 Dry bulb 18.2°C 26.8°C
B Sky ~25 km -51.4°C -49.3°C Wetbulb = 16.6°C = 21.4°C
e Dry bulb 19.7°C 25.8°C
Mee . e Sky~25km _ -51.1°C ~ -49.2°C

= - R

15:9:C
20.6°C
-48.2°C

Sources: EPRI Comparison of Alternate Cooling Technologies for US Power Plants; NOAA Satellite and Information Service

Data averaged from 1973-1996
Sky temperatures taken at 20 mb
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Transformational Air Cooled HX Concepts

Low cost air cooling strategies that significantly increase air side heat transfer
coefficient without increasing pressure drop

Efficient forced draft technologies coupled to natural draft

Absorption Cooling
(with energy from Stack)

Turbine

c o Air Cooled HX i
- | |

50°C

o Radiative Cooling

Condenser a ¢ { oot $ ;
45 —~ S/?\f%\f T=15°C
| iy

Reservoir

arpa-@

36
CHANGING WHAT'S POSSIBLE




Transformational Absorption Cooling Concepts

Waste heat capture from the stack and absorption
cooling systems with high COP

Absorption Cooling
(with energy from Stack)

Turbine

50°C

o Radiative Cooling

f1,.1

Condenser

I A WAL
T=45C 5 ; g ; ; ; T=15°C
NN

Reservoir

(ifoljﬂi"'\_ﬁ' Draft — Official Use Only 37
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Transformational Radiative Cooling Concepts

High performance radiant cooling
coatings and associated technologies

Absorption Cooling
(with energy from Stack)

Turbine

50°C o Radiative Cooling
Condenser . &/:\55 %{% B
NN

Tsat=50°C ) .
T air=20°C T air=20°C

T=15°C

Reservoir

Qrpa-e 5
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Advanced manufacturing to enable low cost

Advanced manufacturing technologies to fabricate transformational designs at
the MW scale with low cost

Absorption Cooling

(with energy from Stack)
Turbine ~ =
3
h]
e o Air Cooled i
o0e o Radiative Cooling
)
Condenser ; ;
R
T=45°C oo ; ; T=15%C
> T=25C Il 5 3 ; ;
Tsat=50°C ) .
T air=20°C T air=20°C
T=15C

Reservoir

Qrpa-e s
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Structures for Air Side Heat Transfer

Enhancement
US Patent 20120261106 Al Heat transfer augmentation for
Non-Isotropic Structures for Heat flow through channel with
Exchangers and Reactors dimpled surface
20 y o8 2
~ 4 For Re=1000, NU/NU,, o ~2.1
fismoom~1.5
T| B 00000 |
. @ O~0C~O i
,980288838888%8%“
1 OOQOOOO®OOOOO?Q—

flow
Factor of 9 increase in volumetric heat transfer

claimed with 1/3 the pressure drop compared with P
conventional radiator e S

John Kelly, Altex Technologies, 2012

- & \ 2 |
s = = (Q“ = \(Q 7 ¢
B b N 3
% Y Y, 0
SN, b1 W

3 g .\§
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Challenge to Thermal Engineering and

Manufacturing Communities

Reimagine how an air-cooled heat exchanger
IS configured to give significantly higher heat
transfer rate and reduced pressure drop

a. high fidelity CFD tools to guide flow

paths and wall structures

b. highly scalable designs are

essential to meet programmatic goals

c. low cost materials of construction

|dentify manufacturing techniques that are
available or need to be developed to enable
the low cost fabrication of the heat exchanger

a. additive manufacturing

b. ultrasonic welding

c. high temp brazing, vacuum brazing

d. precision stamping

e. laser milling

Qi D@\.i“ S
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eEncourage team building
between Thermal Engineering
and Manufacturing
communities
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Transformative Advancement in Air Side
Convection

0.3 -

0.25 -

0.2 -

Louvered-Fin Chilton-Colburn

N 0.15 -
0.1 -

0.05 -

0 0.02 0.04 0.06 0.08 0.1

StPr2

(Fanning)

Qi D|.3\.'i“' <
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ARPA-E Heat Exchanger Design and
Technoeconomic Analysis

No Design—

Louvered Fin HX Steam Condenser
ressure dro : _
gssumed P Design Module Design Module Q=711 MWy,

Supplemental Alrl_(lleo;)tled Steam T=15°C
Cooling Unit Condenser
Exchanger
Model Assumptions E 2

eNETL Case 9 subcritical PC plant, 550MWe
eUse existing steam condenser (T,,=38 °C; T 4 i1=15 °C)
eOriginal evaporative cooling system replaced by ARPA-E cooling scheme \)g‘(\\
eNo0 changes to balance of plant operation 'e'(o
. . ‘da
¢11,000 kg/s circulating water mass flow rate |>§’~

Is there a solution with no increase in LCOE?

Qi D|J\i° S 44
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Allowable Capital Cost for Supplementary
Cooling Unit with No Change in LCOE & 2% A

Analysis Based on Standard Louvered Fin Air Cooled HX with Natural Draft Supplement

1
&

09 ¥y ALCOE=0 ., u . ;mmm e\With standard louvered fin
& (20000,

B
0.8 * g . .
. s _ 00000 : design, and no change in LCOE,
a it ) . .
2 06 . - % no solution exists where
E 0.5 » . (60,000,000) & ” .
%o . : allowable supplemental cooling
E . T Goomea o costs are positive
E‘; - (100,000,000) 35
° 0 1 2 3 4 5 6 7 g8 9 10 1120:000.009 oNOT REALISTIC!
Supplementary Cooling [degrees C]
1 30,000,000
* 0 B . ;
o] T ALCOE 2/0 8 B w | oomo B e Air cooled HX with reasonable
, 07 Ao ' 4 Effectiveness will be least cost
2 06 e & ) (10,000,000) ® )
g, " T (20,000,000) § HT equipment; do as much
© T+ (30,000,000) = . . .
g 04 *—_ 4 (@0000,000) § cooling with air cooled HX as
0.3 0 .
02{ /™ (000000 2 possible
0.1 o (70,000,000)
0 (80,000,000)
0 1 2 3 4 5 6 7 8 9 10
Supplementary Cooling [degrees C]
. T, .
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Supplemental Cooling 4 °C

Allowable Capital Cost for Supplementary
Cooling Unit and No Change in LCOE

St=kSt,,,vereq Ak=1, B:k=2, C:k=3, D:k=4, E: k=5, F=7, G=10

035 ° Standard .
0.2 - Louvered ncreasing.—
025 | Fin St Number
o .

=
0.15 D E G
0.1 - E_
-
0.05
0
0 0.05 0.1 0.15 nz 0.25 0.3 0.35 0.4

StPr23

ePoint G allows approximately $8 M
for supplemental cooling or $50/kW,,

eln comparison air cooling HX,
$47/kWy, or $28/m?

QirpQa-e
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Maximum Allowable Total Plant Cost [$]
For the Supplementary Cooling System

20,000,000

10,000,000

{10,000,000)
{20,000,000)
{30,000,000)
{40,000,000)

(50,000,000)

|
o E F
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Allowable Capital Cost for Supplementary
Cooling Unit and 2% Increase in LCOE

St=kSt,, yereg Atk=1, B:k=2, C:k=3, D:k=4, E: k=5, F=7, G=10

Supplemental Cooling 4 °C

ff2

0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.0%

0.15

0.2
StPrn(2/3)

mo

0.25

0.3

om

0.35

OO

0.4

Maximum Allowable Total Plant Cost [$]
For the Supplementary Cooling System; dLCOE=2%

50,000,000
40,000,000
30,000,000
20,000,000

10,000,000

(10,000,000)

! B C D E F G

ePoint E allows approximately $30 M
for supplemental cooling or $150/kW,,

eln comparison air cooling HX,
$47/kWy, or $28/m?

Qi Dﬂ\.i“’é"
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Air Cooled HX Performance Metrics

St>5{8t} louvered

Il. Cost<$47/kW

47




Absorption Cooling with Waste Heat From Flue

Gas

®Heat capture from stack
complicated by H2SO4
formation and possible CO2

capture
f Heat Rejected
------- ' |
Condenser 4——:1- Generator

I
|
I
Expansion  Thermal |
Valve  Compressor !
|
I
1

Absorber -!—»
Evaporator "“*""
T Heat Removed
(Cooling Produced)

Qi D.J\."i’e"

CHAMNGING WHAT'S POSSIBLE

¢30-50 MW waste heat available in
stack at T=170 °C, assuming a dew
point of 150 °C (500 MW Plant)

Qcooling

COP == .
Qheat in + Pparasitic

Performance Metrics
. COP>2

. T

c

T

old<15 °C
<150 °C

regen

Il. Cost<$150/kW

cooling

48



Surface Coatings to Create Selectively Specular
Surfaces

e Selectively specular surface created
by depositing silicon nitride on
aluminum

100 |

9% Reflectance

15 10 5

Microns

Liang et al., Solar Energy, 2002

QrpPQ-@ 49
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ldeal Surface Coating

eldeal surface absorbs and emits

Visible  ldeal spectral reflectance usal
l within infrared band and reflects
> 1F-%4 R —— all other incident radiation
= I |
3] I I
% | [ r.ﬂE A2
l I n _
0_: I I Fovranee ) Ebj[ledﬂ'_ f ﬂiEbj[TEjdﬂ
S l !
= I |
2, ] I
) | : 0 wmax~ 260 W/m?2
I |
O 1 1
1 40 *Assumes no convection at the surface
T1=20°C
A Wavelength, pm T2=-50°C
Cll D| e N(C 50
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Low Cost Sky Radiator

/ Solar Shade
. / / Water Out e To dissipate 60 MW with
' Selective AT=5° C, 48,000 2 x 4 m?
Specular radiators required

Reflector

Radiation
To

Performance Metrics
Sky

|. Heat Flux g”>150 W/m? daytime

Il. Heat Flux g”>200 W/m?2 night time

l1l. Cost<$30/m2 (economies of scale
to aid low cost constraint)

Water In

Qi D@\.i" S 51
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Efficient Forced Draft Air Pumping

Variable Pitch/Variable Speed Fan
Technology

Performance Metrics

|. Fan Efficiency n,,>80% over full
range of flow rates and fan speeds

Il. Cost<$265/m?3/s full capacity

Qi O| )\i"\‘.’ 52
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Can Coatings of HT Surfaces Prevent Corrosion
and Fouling?

High speed soap coating of nanomaterials

» Vacuum-free, atmospheric method to deposit materials from
solution

— 1.2 m of material/s coated with 4 nm thickness

i
\

%%
| -

Roll-to-roll | & "'. Monolayer

10000 1

Thickness (nm)

v ~—d
: 1
: : 0 Speed (m/s)

\-il |)\i°e Zhang et Al, Scientific Reports, vol 3, 1477, 2012 53
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ARPA-E Funded Direct Contact Air Cooling with
Hygroscopic Fluid - EERC North Dakota; Open FOA

Desiccant
Distribution Manifold

Water-to-Desiccant
Heat Exchanger

Liquid Water Heat-Transfer Circuit

P

Fan
» Wetted
Film
\ Packing
Desiccant Reservoir

Circulation Pump

a7 D| plaL e

CHAMNGING WHAT'S POSSIBLE

» Condensate
to Boiler

Steam Exhaust
from Turbine

Conventional
Surface
Condenser

EERC CM44986.CDR
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100 kW Prototype Testing Requirement

Requirement for Prototype Testing

e All ARPA-E thermal performance requirements must be
demonstrated at a scale of 100 KW or greater

3-D Printed Heat
Exchanger

QrPG-@©
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ARPA-E Program Merit Questions—Analogous
to DARPA Heilmeier Questions

|. What is the problem is to be solved?

Il. If successful, how will the proposed program advance the ARPA-E mission? Why
will it matter?

Ill. What are the program goals and how will progress towards those goals be
measured?

V. What is the current state of R&D in this area and how is the proposed program
approach transformative and disruptive relative to that state?

V. What are the critical scientific and engineering breakthroughs needed to assure
program success?

VI. What research communities need to be brought together to create research
teams to address the program goals? Is there a critical mass of experts to make the

program successful?

N 5

| | [+ J
— il a - - ﬂ \
CHANGING WHAT'S POSSIBLE



Let’s Have a Productive Workshop!

eUse this opportunity for networking and team building

PRODUCTIVE
\/\ SYNERGY

e Competitive teams will have expertise in both thermal fluid
engineering and manufacturing

eUse this opportunity to guide high level programmatic framing of the
problem
1. Is ARPA-E targeting the appropriate performance metrics?
2. Ideas on how to use techoeconomic analysis

e\What scientific, engineering, and technology advances are required
for programmatic success? Cordial frank debate is encouraged!

eDo you have any new ideas that can meet programmatic goals that
have not been discussed?

ePlease do not waste time telling ARPA-E we are CRAZY; it is already
well documented

Y N Y =
P leC
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Zj"% U.S. DEPARTMENT OF

Cil b|j\ﬁ"<‘9 .2 ENERGY

ARPA-E Exchange

WWWw.arpa-e.enerqy.gov
https://arpa-e-foa.energy.qov



http://www.arpa-e.energy.gov/
http://www.arpa-e.energy.gov/
http://www.arpa-e.energy.gov/
https://arpa-e-foa.energy.gov/
https://arpa-e-foa.energy.gov/
https://arpa-e-foa.energy.gov/
https://arpa-e-foa.energy.gov/
https://arpa-e-foa.energy.gov/
https://arpa-e-foa.energy.gov/

Challenges and paths forward

v

Challenge 1: Lower heat transfer coefficient for air systems
ARPA-E Approach: Target increase of 3X in air side heat transfer
— Leverage advances in thermal science [EPRI/NSF program]

— Combine with advanced manufacturing to realize new designs at low
cost

Effect: less area required, so capital and maintenance costs decrease

v

v

v

Challenge 2: Dry bulb temperature vs wet bulb temperature

ARPA-E Approach: Develop low cost cooling systems that can go
downstream of the air cooled heat exchanger

— Absorption cooling
— Radiative cooling

Effect: return water cooled to the design point, so no decrease in turbine
performance

v

v

Yoa'aYa |
i |i\-i° < Draft — Official Use Only
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Result — air cooled systems have higher costs

$30, 000, 0o

Comparizon of Dry and Wet sytems

$25, 000, 00

£
g
g

$45, (e0eD, 0o

Capital Costs, $

$40, 000, 000

45,000, 000

QrpPa-e
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Temperature of the return water determines
whether the turbine will experience backpressure

Comparison of wet vs dry bulb temperature for site 1

100.00%
90.00% \\

80.00% \\
70.00% \ \
60.00%

N
O N
50.00%
40.00% \ \\
30.00% \ AN

20.00% \
~N

10.00% \ ™~

0.00% | —

0 10 20 30 40 50 60 70 80 90 100 110 120
"Ambient" Temperature [deg F]

Percent of time at or above temeprature

= Dry Cooling (Dry Bulb) —— Evaporative cooling (Wet Bulb)

Condenser Temperature vs Turbine Backpressue for wet vs dry systems

] @ ~ ]

w

Turbine Backpressure [Hga]
IS

~

[

o

50 70 90 110 130 150
Condenser Temperature [deg F]

——Dry Cooling (Dry Bulb) ——Evaporative cooling (Wet Bulb)

RN
\-il |)\-i°'e' Draft — Official Use Only 61
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Previously funded work by DOE

U. North Dakota  Air cooled device for power plants 472,586 ARPA-E 2012
Research Develop and demonstrate an advanced, energy-efficient 4,800,000 EERE 2012
Triangle Inst. hybrid membrane system that enables the reuse of more than

50% of a facilities wastewater

\.il O| )\i ° e
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QrpPOG-@
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Framing the opportunities —
ARPA-E approach



Program vision

Absorption Cooling

(with energy from Stack)

Turbine

e

e ) radiative Cooling
Condenser Es/s\gs 9/&\5\5’
T=15°C T=45 §;$ §;§ T=15°
NN

T air=20°C T air=20°C

T=15°C

Reservoir

Retrofit cooling tower with ACHX

Develop downstream cooling technologies to get past dry bulb limit and
avoid turbine backpressure

(ifoljﬂi"'\_ﬁ' Draft — Official Use Only 64
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Where’s the whitespace?

e e

friction factor, f

0.1 3
0.05 -
0 CunvaassBubmiass hssaaase 3 1 1 H
0 0.02 0.04 0.06 0.08 0.1 0.12
Colburn j-factor

‘iﬁlj‘i"@ Draft — Official Use Only 65
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Our analysis demonstrates that this is feasible

N~ 26
9 [ |)\ﬂ° < Draft — Official Use Only
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And drives performance and cost targets in FOA

» More of our analysis, showing what the heat transfer
coefficient needs to be to achieve energy/cost parity.

. e
» How many more degrees would it have to be coole ““e et
downstream systems?

» What would their performance and cost need to be?

» Summary: if we achieve XYZ, this will become a viable and
compelling option for power plants — and this is how we're
setting targets

N VN ﬂ" N .
i CaA 1 B Draft — Official Use Only
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VUICK SIUC T10LC — L0Lally allelliduve dapproactl
which focuses on water recovery? (Seedling
level efforts)

N VN ﬂ" N .
i CaA 1 B Draft — Official Use Only
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Sorbent vapor recovery analysis

» Concept: retrofit cooling towers to capture vapor with a
desicant and use waste heat from the sta~' 0 regenerate
the desiccant

» Energy-mass balane- ef (300\16(:{ e
 Economic— o one“W\;'\ﬁ We Gaﬂ\gp“c \

» Required Depe O\NO‘-\(‘ S

» Metrics ste m‘Oe A

N~ 26 N
i |i\-i° < Draft — Official Use Only
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Summary of program goals and targets

» Advanced air cooling — heat transfer performance needed.
Cost

» Downstream cooling — how many degrees? How much
cost?

— Radiative cooling
— Absorption cooling

» Other track - water recovery from wet cooling systems?
— Sorbents?

Yoa'aYa |
i |i\-i° < Draft — Official Use Only
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How are we going to do this? Sample
technology plays from workshop

» Advanced air cooling
— Microstructures to increase heat transfer on air side

— High surface area thermally conducting metal foam
polymers?

— Ways to increase air speeds (via hyperbolic towers?)

— Learning from engine cooling in aerospace industry?

— Radiative cooling downstream

— Absorption cooling downstream

» Water recovery from wet cooling systems?
— Sorbents?

N VN ﬂ ok .
i CaA 1 B Draft — Official Use Only
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Advanced air cooling

» Key Is to get better heat transfer on air side. Better heat
transfer = less surface area required = lower cost

» There Is substantial work going on in the thermal transport
community showing that adding microstructures to air-side
heat exchange surfaces can significantly enhance heat
transfer through generating vortices that trip the thermal
boundary layer and promote mixing (voice track this and
Insert graphic)

» ARPA-E play — leverage advanced manufacturing
techniques (for example, additive manufacturing) to
enable these advanced heat exchangers at lower cost.

N VN ﬂ ok .
i CaA 1 B Draft — Official Use Only
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Example advanced air cooling — TBD

» Ari/Srinivas?
» HRL concept?

Yo aYe W)
9 [ |)\ﬂ° \ 7 Draft — Official Use Only
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HRL: 3-D manufacturing of advanced heat
exchange surfaces

e Manufacturing
technique enables very
high area/volume ratio

e\While heat transfer

Architectural elements properties are
Lattice-based Hollow-tube Hollow-tube excellent, the pumping
unit cell lattice member wall pressure loss is

uncertain and needs to
be understood

/mmnym"mmm’wm
Size scale ~mm - cm ~pum -mm ~nm-um
Controliable Unit cell symmetry, Diameter, Microstructure,
architectural spatial location of wall thickness, multilayer,
features lattice members node geometry composition

\i L ;)I : j\i ° e .
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Absorption cooling concept

PR
QM PLONC Draft — Official Use Only
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Radiative cooling concept

» Stanford coating?

P
Qipa-e Draft — Official Use Only
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Program summary

Y Ve 3
\il |)\i° \3 Draft — Official Use Only
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FOA summary

» Areas of interest
» Metrics

Cl D|J\i° S

CHAMNGING WHAT'S POSSIBLE
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1. Some of our highest producing states will feel
significant pain
The at risk plants here are from the more conservative, freshwater-only cooled systems

12%

10%

8%

6%

4%

2%

0%

% of total US production low to no risk

B % of total US production at high/extreme risk

« My analysis does not yet consider projected plants — this is only existing production
* | could generate this for the case that includes lower quality water as well — up for discussion

Y Ve 3
\il |)\i° \3 Draft — Official Use Only 79
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EPRI study background

Rates of water use (gal/capita) in the domestic
sector remain at their 2005 levels in each county

New electricity generation follows EIA predictions
(EIA, 2009).

Population in the U.S. in 2030 is 32.4% higher than
2000 (Census Bureau, 2008). (0.94%/yr)

No climate change considered
Changes in water use occur primarily in two

sectors: municipal/domestic & TE WaterSupply Sustainabity Rk Index (2030) ”
M Extreme (106) "':F"
Risk Criteria for 2030
— >25% of available precipitation is used Figure 5-9

) ) Water supply sustainability risk index.
— Groundwater withdrawal vs total withdrawal

>25% (based on current groundwater withdrawal)

— Summer deficit >10 inches, and this water requirement must be met through stored
surface water, groundwater withdrawals, or transfers from other basins.

— 2030 freshwater withdrawal is >20% higher than 2005 level
— 2030 Summer deficit is >1 higher than 2005

PR
QM PLONC Draft — Official Use Only 80
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1. Northeastern data to add climate change
effects, and allow us to analyze pump/treat

Modeled various combinations of population growth & Gaps:
climate change scenarios to predict future water issues

Data is not in readily
accessible format (ArcGis)

Temporal resolution is too
coarse (decadal avgs)

Supply not directly
compared with demand

Uncertainty not well defined

Excesses not shown

Water Supply Sustainability Index (2050) *‘;L
. Extreme (412) "Ryt Parish, E. S., Kodra, E., Steinhaeuser, K., &
B High (608) . Ganguly, A. R. (2012). Estimating future global
Maoderate (1192) ML L IKilometers per capita water availability based on changes in
Low (897) 0 250 500 1,000 climate and population. Computers &

Geosciences, 42, 79-86.

VY >
\il |)\-i° \ﬁ Draft — Official Use Only 81
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Vulnerability assessed now

Figure 2. Drought vulnerability mapped at the 6-digit HUC level. the metric is based on the ratio
of water demand to water supply (equation 1). Higher metric values (=0.7) indicate regions most
vulnerable to drought.

\il |.9\i°\‘-’ Draft — Official Use Only
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Cumulative number built (not necessarily total in service)

Cooling system constructed (cumulative)

2000 -

1800 -

1600 -

1400 -

1200 -

1000 -

800 -

600 -

400 -

200 -

O T 1T 1
N O O < 00N W O < 00N U O < o0
N N O 00 OO < S D N n W OSSN ININ
O O O OO0 OO0 OO OO OO OO OO O O O O O O
Lo R e TR o B B B e TR e B IR IR T IR B e B e B B |
Year

B Once Through  ® Cooling Tower ® Dry Cooling
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1986
1990
1994

W Hybrid

1998
2002
2006
2010
2014
2018
2022

u Other
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9. Distribution of systems

180

160 -

140 -

120 -

100 -

80 -

Cooling systems

60 -

40 -
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-
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<
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9al. EPRI- plant types, sizes in US

A0 .
A\ .
e 9% _oe® ‘

-~
{3}
=
%>
IR
g

Fuel Type and Plant Capacity (MW)

Geothermal Nuclear Wind OtherUnkown Coal Qil Hydro Gas

Solar 1-100 % 1-100 1-100 1-100 1-100 .« 1-100 A 1-100 « 1-100

2 1-100 101-500 ¢ 101.%00 ¢ I01.%00 101 - 500 101.%00 « 101-500 A 101-500 = 101-50 "’
B 101-500 % g51.1000 B 501-1000 F 5011000 501 - 1000 m01.f000 ¢ S01-1000 A 501-1000 “ 501-1000 --ép--
B =01- 1000 & 1001-1500 4 1001.1%00 ¥ 10011500

. S 1001+ 1800 1001 - 1500 (5 1001 - 1500 N *
- |00|~|5co* 1001 - 1500 @ '50‘-’4509A 150 W 1501 - 6806

1001 - 1500 } U

- : % Ve 1 = GO N O DD 1901 20 ML L Tkkometers

| 1901.6000 1501~ Lk 0 250 50 1000

Figure 2-7
Fuel types and generation capacities of electric power plants in the U.S.

\-il |)\i°e' Draft — Official Use Only

CHAMNGING WHAT'S POSSIBLE

85



9a2. EPRI - new plants through 2030

Frojected New Power Generation
(2030 - 2005) gwh

. 5014000 $
® 10015000
® o1- 1000 T T

@ oo

Figure 4-6
Projected new thermoelectric power generation between 2005 and 2030 at the county
level, estimated based on EIA projections ot the EMM level.

RVTRXNIRN .
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9a3. DOE Report — TE plant location and cooling
type

By o — ) |
: \'-\Vh-r
4 | =8
®as | i I
: & 4l
Q._
~liy
a ‘ -
: A L] Al
f = A— A
| “ i o4, !
i a
| A oJy
- o0
] . 4, A |
—— S 57 )
g T agk
Py A
\% g 2 & - “‘A“‘ -
Al 4% a ST ot
2 A _ T ~a,
LI at e o ! < A B
Water Type - SRS Ak < sfa 4
B Fresh S R 65
] Saine = ;CL ‘,';f“
v4 A‘ b
Cooling Type 4 s
= Coolng Pond
@ Once Through
)

A Recirculsting

Figure 12. Locations of thermoelectric power plants by cooling technology and water source
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Ob. EPRI - Water withdrawals for thermoelectric
generation (fig 2-5b)

~ 4
N,
G Ca B 5 SRS, < SRR \
3 ok | WRFS ‘q Taa) g
AT e L 1) £
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\.\) a 1 #h & ‘- i c.‘ i
6 S \\0(\ = " o&' "
d\)o ‘ q ‘ > ".»:. .: 4
Q(O 2 :‘:" < PQ X > n oy
"\" a Y i\’:c 5 +
— '31‘ o l-ﬂ d > 0 ". »
. > pe .
s it e o G - "
-\ ‘ .
. o4 '
Thermoelectric - power Withdrawals .
2005 (mgd) v
3 e
Bmo-5 .
5.5
. 50 - 500 ML T
. 500 - 2592 0 70 %0 ' 000
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9c. EPRI —distribution of cooling technology

Thermo-electric Cooling
Withdrawal by Type (2005)

p ' -

Il Orce-theough
B Reciculating rr_’ L

Figure 2-8
Thermoelectric cooling technology, proportion of freshwater once- through versus
recirculating cooling in 2005 based on withdrawal, aggregated at the state level.
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9d. USGS - Water withdrawals for thermoelectric
power by state

Total withdrawals
- g
Mantang _--* : '-u'&l"i‘;'":'""' !
Oregan el "l
. '.%-: : F M s s husalls
Wyaming M [V fneco lstand
? L Connecticwi
Mdaw Jarsay
1 District of Codumbia
[Py :IE "Jl:lnln-.iurn
fargdand

[kl ahinma

N .
o Maiag EXPLANATION

Water withdrawals,

in millian gallons

par day
o
[ Graater than 0 to 2,000
1 2,000 0 4,000
[ 4,000 to £,00
B 5.000 10 5,000
B 4000 60 1350

draisian far
this report

Puerta Rics
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Oe. USGS - Water withdrawals for thermoelectric

power by state and water type
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11. Another challenge relates to permitting
Issues due to water availability

° Recent energy facility p(_arm_it_ting
issues due to water availability

*Working to understand these better

QrpPQ-@
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Volume (Million Acre-feeat)

13. Example of area (Colorado River Basin) where
water use is approaching/exceeding supply

25
- L
20 R, |'ﬁ"
\ Water Supply P
J .-l I.‘.
b (10-year Running Average) "
1Y i i ™
L, l-"‘-"‘-.--l.l'.-"-\._ ey ' L —
15 1'-|I l_.' .\"'\-'-ﬂll._.\l. - .I-..'-\'-'I _"ﬂ'r --_.__h'h |_H -]
ol WL T L
-~ —r q--.-l
—
e FIGURE 3. Water Supply versus Water Demand
- =
10 P in the Colorado River Basin
___—-"'-_ o ) Walter Lise Over the last century, the natural flow of the Colorado River
___-"- r '-l"_l"‘EﬂII Run |"|g |=|.'|'I'."-:'I|:'|E:| has averaged roughly 16 million acre-feet (5 trillion gallons)
__.—" per year. However, water use in the basin has risen over time,
5 while water supply has been dropping because of drought.
Rising demand for water has been met through drawdowns
of water stored in reservoirs such as Lake Mead and Lake
Powell.” source:UsER 2012,
I'I
-l
1920 1930 71940 1950 1960 1970 1980 1990 2000 2010
Q| | ..
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20. Changes in LCOE from retrofitting TE power
plants to dry cooling/non-potable (lowest cost)

Next steps: Internal analysis to better understand this and integrate with future scenarios to assess vulnerability

ﬁm@@ Draft — Official Use Only 94

CHAMNGING WHAT'S POSSIBLE



20. Costs of retrofits

Capital Capital
Cost Cost &M
Capital ED;;E- Capital {Once- O&M cost cost
Cost Cost through (Once- O&M cost
through E (Once- )
(Once- or (Once- ar through to through (Recirculat
thr-::!ugh t-:? Recirculat thrgugh t{f Recirculat |Recirculati to Dry) ing to Dry)
Recirculati ing to Recirculati ing ng) (S/KW/y (5/kW yr)
ng) (5/kw) ng) (3/kW) (5/kW/yr.)
Dry) to Dry) r
(5/kW) (5/kw)
A Difficul
verage Difficulty Difficult Retrofits All Retrofits
Retrofits
Coal S0 220 140 330 2 5 3
Matural Gas Combined
aturalfzas Lombine 40 170 65 270 2 10
Cycle 8
Muclear a0 220 140 330 2 5 3
Biopower/Biogas a0 220 140 330 2 5 3
Qil/Gas Simple Cycle a0 220 140 330 2 5 3
Geothermal N/A 170 N/A 270 N/A N/A 2
Concentrating Solar ]
Power N/A 170 N/A 270 N/A N/A 5

Table 1. C apital and O8I costs, distingnished by fizel type, to retrofit a power plant from once-throngh to

recirenlating cooling, once-through to dry cocling, and recireulating to dry cooling. In the case of capital costs
both average and diffienlt retrofit estimates are grren. Diata are from Woldevesns et al 2013.[42]
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Least cost retrofit distribution

Ya'aVae N
q P leC
CHANGING WHAT'S POSSIBLE

- Technatagy Comservion

Vratwa e
o Deocraew Grouviwes
* Dry Cottrg

Evident in this map is that the brackish groundwater
retrofits are largely limited to the Southwest, Texas,
and Oklahoma. In contrast, wastewater and dry-
cooling retrofits are relatively evenly distributed over
the entire country. However, a little closer inspection
reveals that many of the wastewater retrofits are co-
located with metropolitan areas

In 180 of the 209 cases where dry cooling was the
least cost alternative, dry cooling was the only option
available to the plant (wastewater and brackish
groundwater supply were insufficient in that location
to meet power generation demands).

Total parasitic energy requirements are estimated
at 140 million MWh, or roughly 4.5% of the total
production from the retrofitted plants. Of this
parasitic energy loss 118 million MWh are due to
efficiency losses with dry cooling retrofits, 12
million MWh are the result of retrofits to
recirculating cooling, and 10 million MWh are lost
to pumping and treating water.
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Least cost retrofit

S S0 - S0 80
8051 -$1.00
T 015500
1013800
6015700
700 8600

s SN

A $12 01 -$1c0

P NE40 Wy 2 180 Rl Cromth
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Figure 5. Least cost alternative ALCOE values associated with retrofitting to dry cooling or wet
cooling using non-potable water aggregated and mapped at the 6-digit HUC level. Watersheds
vulnerable to drought are outlined in red (watersheds mapped in red in Figure 2).

\il |)\-i°'€' Draft — Official Use Only
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When considered on a plant level
basis brackish groundwater is on
average $1.35/MWh more
expensive than a wastewater
retrofit. In terms of capital costs,
the wastewater retrofit is least
expensive (average capital costs
of $11.9 million), then brackish
groundwater (average capital
costs of $13.8 million), followed
by a retrofit to dry cooling
(average capital costs of $114.5
million). However, O&M costs for
brackish water treatment are
highest among the three options
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EPA report on energy penalties

Table 3-1: Mational Average Annual Energy Penalty, Summary Table

Cooling Tvpe

Percent
AMaximum
Load®

Nuclear
Percent of
Plant Output

Combined-Cvycle
Percent of Plant
Output

Fossil-Fuel
Percent of
Plant Output

Wet Tower vs. Once-Through

67

1.7

0.4

1.7

Dry Tower vs. Once-Through

67

8.3

2.1

8.6

Dry Tower vs. Wet Tower

a

Qi D|)\.i°€
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67

6.8

Average anmal penalties occur at non-peak loads..
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EPA — Energy penalties

Table 3-3: Total Energy Penalties at 67 Percent Maximum Load"

. o Nuclear Annual | Combined-Cvycle Fossil-Fuel
Location Cooling Type . H
Average Annual Average | Annual Average j
Boston Wet Tower vs. Once-Through 16 04 16

Diry Tower vs. Once-Through 74 18 7.1
Dry Tower vs. Wet Tower 5.8 14 55
Jacksonville Wet Tower vs. Once-Through 19 04 1.7
Dry Tower vs. Once-Through 12.0 30 12.5
Dy Tower vs. Wet Tower 10.1 25 10.8
Wet Tower vs. Once-Through 18 04 13
Dry Tower vs. Once-Through 7.8 19 N
Dy Tower vs. Wet Tower . 1.5 59
Wet Tower vs. Once-Through . 04 15
Dry Tower vs. Once-Through : 1.7 6.9
Dry Tower vs. Wet Tower : 1.3 54

a

Average annual penalties occur at non-peak loads.

RN
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EPA - Energy penalties

Figure 1
Plot of Various Turbine Exhaust Pressure Correction Curves
for 100% and 67% Steam Loads

15.0%
13.0% ,
. Fossil Fuel (67% Load)
Nuclear (67% Load) y = 0.0063% - 0.004x - 0.0062
11.0% y=-00013% + 0 0169 - 0 0286x + 0 0098 1o
2 «— R =099Z8
R*=0.9982
T
1]
9 9.0%
= Nuclear (100% Load) Combined Cycle ( 7% Load)
x y =-0.0006x" + 0.0099¢ - 0.0208x + 0.0111 y =-0.0004x + 0.0082x’ - 0.016x + (0033
£ 7.0% E=U9997 = RI=6-9987
@
o // & ——— FossilFuel (100% Load)
8 5.0% = _ 2o 0078
& R*=0.9983
=
2 30% R
k)
o Combined Cycle (100% Load)
1 0% y = -0.0003x° + 0.00625¢ - 0.0154x + 0.0084
. {s]
R?=09999
1.0% 3 4 5 6 T
-3.0%
Exhaust Pressure - Inches Hg
+ Fossil Fuel (100% Load) = Nuclear (100% Load) 4 Combined Cycle (100% Load)
Nuclear (67% Load) * Fossil Fuel (67% Load) e Combined Cycle (67% Load)
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EPA — Energy penalties and temps

Cl

CHANGI

Table 3-11: Meonthly Average Coastal Water Temperatures (°F)

Location

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Boston, MA®

40

36

41

47

56

64.5

68

Jacksonville, FL?

57

56

61

69.5

83

Chicago,

[Lh

39

36

34

36

68

Seattle. WA?

* Source: NOAA Coastal Water Temperature Guides. (www_nodc noaa gov/dsdt/cwtg).

47

46

46

48.5

36

® Source: Estimate from multi-vear plot “Great Lakes Average GLSEA Surface Water Temperature™

Table 3-13: Time-Weighted Averages for Eight-Hour Period from 8am to 4pm (°F)

Feb MMar

Apr

May

Jun

Tul

Aug

Sep

Oct

MNov

Dec Design

1%

Wet Bulb

Drv Bulb

539

63.8

62.7

739

67.9

80.0

61.5

52.0

42.6

495

32.6

74.0

88.0

Wet Bulb

Dry Bulb

70.3

83.0

771

893

759.0

93.0

Wet Bulb
Dry Bulb

56.6

76.0

Wet Bulb

Dry Bulb
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EPA — Energy penalties

 Table 3-15: Calculated Energy Penalties for the Turbine Efficiency Component at 67% Pecent of Maximum Steam Load!

Location

Cooling Type

Percent MNuclear

Maximum

Load Design

MNuclear
Maximum  Annual
Average

Combined

MMaximum
Design

Fossil Fuel
Annual
Average

Combined Fossil Fuel
Cycle Maximum
Annual Design
Average

Wet Tower vs. Once-through
D1y Tower vs. Once-through

Drv Tower vs. Wet Tower

2.32%
13.82%
11.50%

0.73%
4.95%

4.23%

0.42%

0.14% 2.04%

0.98% 15.15%

0.84% 13.11%

Jacksonville

Wet Tower vs. Once-through
D1y Tower vs. Once-through

Drv Tower vs. Wet Tower

1.03%
9.63%
8.60%

1.08%
16.96%
15.88%

Wet Tower vs. Once-through
Drv Tower vs. Once-through

D1y Tower vs. Wet Tower

11.50%

0.98%
5.39%
4.41%

2.23%

15.67%
13 44%

Wet Tower vs. Once-through
D1y Tower vs. Once-through

D1y Tower vs. Wet Tower

1.60%
12.16%
10.56%

0.67%
4.60%
3.93%

1.50%
12.31%
10.81%

Wet Tower vs. Once-through
Dry Tower vs. Once-through

Drv Tower vs. Wet Tower

1.92%

13.41%
11.49%

0.85%
6.14%

5.29%

1.71%
15.02%

13.31%

Note: See Section 3-1 for the total energy penalties. This table presents only the turbine component of the total energy penalty.
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EPA — Cooling tower designs

Table AA-1. Cooling Tower Design Temperature, Range and Approach

TEMPERATURE (DEG F)

RANGE| APPROACH| #OF
STATE| YEAR| FLOW (GPM)| HOT WATER| COLD WATER| WET BULB| (DEG F) (DEG F)| CELLS
AL 2000 208000 85 72 62 13 10 10
OR 2000 152000 98 77.8 68.35 20.2 9.45 11
CA 2000 99746 943 725 55.5 21.8 17 8
NJ 2000 146000 90.3 75 52 15.3 23 10
AL 2000 278480 105 89 81 16 8 14
AL 2000 147361 112.5 96.7 84.7 15.8 12 7
IL 2000 189041 96.87 85.46 76] 1141 9.46 10
TX 2000 192300 104.3 87 79 17.3 8 12
TX 2000 106400 592 78.5 64.2 10.7 143 5
MO 1999 60000 85.3 67 52.4 18.3 14.6 4
FL 1999 21500 120 93 80 27 13 1
TX 1999 277190 105 89 81 16 8 14
CA 1999 101000 111.05 89 75] 2205 14 6
AL 1999 50000 107 86 80 21 6 4
MO 1999 25000 08 83 78 15 5 2
MS 1998 230846 106.2 91.2 84.7 15 6.5 12

Continues in document...
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EPA — Air Cooled Condensors installed

Table 4-1: Air Cooled Condenser Data for Systems installed by GEA Power Cooling Systems, Lnc.
acility Name City State Country Size  Steam Flow Turbine Design Year Description Sat. Temp.
MW Ibs/hr Exhaust Temp. Steam  Difference
Pressure °F Temp. °F
In Hg °F
eil Simpson I Sta. Gillette WY USA 20 167.550 45 75 1968 Coal 130 55
P Potter Braintree MA USA 20 190,000 35 50 1975 Combine Cvcle 120 70
fvodak Sta. Gillette WY USA 330 1.884.800 6 66 1977 Coal 141 75
rerber Cogen Gerber CA USA 37 52,030 203 48 1981 Combined Cycle Cogen 102 54
AS North Is. Cogen Coronado CA USA 4 65,000 5 70 1934 Combined Cycle Cogen 134 64
C Cogen San Diego CA USA 26 40,000 5 70 1984 Combined Cycle Cogen 134 o4
inese Sta. China Camp CA USA 224 181,880 6 a7 1984 Waste wood 141 H
Duchess Coty. RRF Poughkeepsie NY USA 75 50,340 4 79 1935 WTE 126 47
Eherman Sta. Sherman Station ME USA 20 125450 2 43 1985 Waste Wood 102 50
Dlmstead Caty. WIE Rochester MN USA 1 42,000 5.5 80 1985 WTE 138 58
icago Northwest WTE Chicago IL USA 1 42000 o0 1986 WTE
EEMASS WTE Rochester MA USA 54 407.500 35 50 1036 WTE 120 61
verhill RRF Haverhill MA USA 469 351.830 5 85 1937 WTE 134 40
ochrane Sta. Cochrane Ont. CAN 10.5 90,000 3 60 1988 Combined Cyele Cogen 115 55
FUImAn Bethpage NY USA 13 105,700 54 50 1988 Combined Cyele Cogen 137 78
orth Branch Power Sta. North Branch WV USA 80 662,000 7 o0 1989 Coal 147 57
bayreville Cogen Pro. Sayreville NI USA 100 714.900 3 59 1989 Combined Cycle Cogen 115 56
Bellingham Cogen Pro. Bellingham MA USA 100 714,900 3 50 1989 Combined Cycle Cogen 115 56
bpokane RRF Spokane WA USA 26 153.950 2 47 1030 WTE 102 535
xeter Energy L.P. Pro. Stetling CT USA 30 196,000 29 75 1989 PAC System 114 30
Pee] Energy from Waste Brampton Ont. CAN 10 88.750 45 68 1990 WTE 130 62
ipogen Power Plant Nipogen Ont. CAN 15 169,000 3 39 1990 Combined Cycle Cogen 115 36
inden Cogen Pro. Linden NI USA 285 1.911.000 24 54 1990 Combined Cycle Cogen 108 54
faalaea Unit 15 Maui HI USA 20 158250 6 95 1990 Combined Cycle 141 46
Continues in document...
NN
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EPRI — Energy penalties

Turbine Heat Rate Curves

+ Conventional & High Backpressure = Conv.-Modified
1.18
1144
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1.02 V.’//}r;/,:/
1.00 L—F’J_,-‘..A
283 1
D z 4 [ B 1@ 12 14 18
Turhine Backprassurs, In Hga
Figure 2-4
Comparison of Heat Rate Characteristics (for conventional vs. extended backpressure
operation.)
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EPRI — Energy penalties

Table 2-1

Base Plant Characteristics for Combined-Cycle Plants
Quantity Value
Mominal plant capacity, MW 600
Configuration 2x1

Gas turbine output, MW

330 (2 » 165 MW per turbing)

Steam turbine output, MW

170

Steam turbine exhaust flow, Ib/hr

1.1 %10 pounds per hour @ 5% moisture

Turbine back pressure, in Hoga

2.5in Hga; (T__=108.7 °F)

Cooling system heat load, Btu'hr

985, x 10°Btuwhr

Steam turbine heat rate, BtukWh

2,200 (at 2.5 in Hoa)

Heat rate correction curve

See Figure 2.4

Max. Allowable Backpressure, in Hga

- with wet cooling

5.0

- with dry cooling

8.0

Qi D|J\i° <
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EPRI — steam condenser specs and costs

Table 3-1
Steam Condenser Budget Price Summary
Terminal
Steam |Cold Water Inlet Temperature |Coolimg Water Tube Side Surface Budget Price per
Flow Temperature Range Difference Flow Tube Size Pressure Drop Area Price Area
MMIb/hr F F F gpm in. OD x BWG ft. H2O S, fi. $ Sisq. ft.
1.1 70 20 18.7 112,000 1.25 x 22 BWG 15.3 76,905 | $800,000 §10.40
75 20 13.7 112,000 1125 x 22 BWG 17.7 93,035 | $872,000 $9.37
80 20 8.7 112,000 1.00 x 22 BWG 21.9 119,127 | $1,014,000 $8.51
85 15 8.7 149,333 1125 x 22 BWG 18.9 133,220 | %4,082,000 $8.12
a0 10 8.7 224,000 1.25 x 22 BWG 14.9 150,890 | $1,217,000 $8.07
2.5 70 20 18.7 245,000 1.25 x 22 BWG 16.1 168,260 | $1,295,000 §7.70
75 20 13.7 245,000 1.25 x 22 BWG 16.3 203,200 |%1,419,000 $6.08
80 20 8.7 245,000 1125 x 22 BWG 22.5 264,555 | $1,705,000 $6.44
85 15 8.7 326,700 1.25 x 22 BWG 16.3 292,180 | $1,817,000 $6.22
90 10 8.7 490,000 1.25 x 22 BWG 15 329,145 | $2,158,000 $6.56

Qi D|.3\..i“' S
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Table 3-8

Specific ACC Design Points

EPRI dry cooling sites and estimates

Case Study Descriptions

1 2 3 4 5
Climate Type Arid, hot Humid, hot And, extrerme | Moderate, cool | Moderate, warm
Met Data based on El Paso, TX | Jacksonville, FL| Bismarck, ND Portland, OR | Pittsburgh, PA
Design Steam Flow, [b/hr 1,100,000 1,100,000 1,100,000 1,100,000 1,100,000
Design Backpressure, in Hga 25 25 25 25 2.5
Site Elevation, ft 10 10 10 10 10
Turbine Exhaust Moisture, % 5 5 5 5 5
Design Ambient, F 80 79 b5 65 69
Design ITD, F 287 297 437 437 397
Table 3-9
Vendor-Supplied Estimates of Equipment Cost and Power Requirements
Vendor A® Vendor B Vendor C
Equipment | Fan Power | Equipment | Fan Power | Equipment | Fan Power
Cost (at design) Cost (at design) Cost (at design)
MM$ HP MM$ HP MM$ HP
Site 1 232 9,719 24.0 7,180 19.6 7,300
Site 2 22.3 8,234 24.0 7,180 19.6 6,187
Site 3 14.2 5,088 16.0 4 110 13.9 4 553
Site 4 14.2 5,088 16.0 4110 13.9 4 553
Site 5 159 6,428 18.0 3,930 14.9 4 880

* Vendor A based on 32 ft. diameter fans; Band C on 34 f

P lal(C
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EPRI - Dry cooling costs

Table 3-12
Summary of total dry cooled system cost estimates
Design Information Cost Estimates
Design M. of Fan Steam A,
Vendor Case ITD Cells Power | Equipment| Erection | Electrical] Duct Coolin Total
F n HP MWS [ MMS M5 Mﬁfg [
A 1 283 50 49719 232 44 1.00 015 il 35
(32 fi. fan) 2 20.8 ] 0,234 223 §.5 1.65 045 25 36.1
3 438 35 5988 14.2 6.1 1.05 015 16 231
4 438 35 5 988 142 6.1 1.05 015 1.6 231
_ ] 308 35 §,425 159 6.8 1.05 015 1.§ 257
B 1 288 40 7,180 2410 10.3 1.2 015 27 383
(34 fi. fan) 2 20.8 40 7,180 24.0 10.3 1.2 015 27 383
3 438 24 4,110 16.0 6.9 0.72 015 18 255
4 438 24 4 110 16.0 6.9 0.72 015 18 255
] 308 30 3,950 180 [ ] 05 20 208
C 1 288 40 ?,339 1596 9 f 12 015 23 328
(34 fi. fan) 2 20.8 40 6,220 186 0.6 1.2 015 23 32.8
3 438 28 4 578 129 6.9 0.84 015 16 234
4 438 28 4 578 13.9 £.9 0.84 015 1.6 234
A 358 30 4 906 14.9 7.3 049 015 17 25.0
) i iR 0] A N S 10 010 I T
adjusied to 2 20.8 50 8,311 229 5.8 15 015 2.6 ar.o
34 ft_ fan) 3 438 35 5,389 146 6.3 1.05 0.15 1.6 237
4 438 35 5,389 14 .6 6.3 1.05 015 1.6 237
] 358 35 5,785 16.4 7.0 1.05 015 18 26.4

Y N Y =
P leC
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EPRI —range of cost of water

Table 4-11

Summary of Water Costs

Costs Minimum Low Medium High

$/1,000 gallons | $/1,000 gallons | $/1,000 gallons | $/1,000 gallons
Acquisition (1) Nil $0.50 $1.25 $3.00
Delivery (2) Nil $0.13 $0.57 $1.20
Treatment/Disposal (3 $0.10 $0.22 $1.00 $4 28

(1) from Table 4-5
(2) from Table 4-7
(3) from Table 4-11

P lal(C
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EPRI — site temps and characteristics

Temperature Duration Curves

| Paso, TX == Jacksonville, FL =—#=Bismarck, ND Portland, OR =—#=Pittsburgh, P&
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-20

-40

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hours Above Tambient, hr

Figure 5-1
Case Study Site Temperature Duration Curves
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EPRI — performance of ACC at site 1

Table 7-1
lllustrative Performance for ACC at Site 1; Combined-Cycle Plant

Site Temperature Characterisocs Ferformance of ACL (Design MO = 41.1 F)
Hours in 3ross Plant Fan Fan Met Flant] Energy
Thigh Tlow Tav Range | Tcond |Backpressure Duiput Lost Output | Power Energy | Ouiput | Generated
F F F hr F in Hga MW MWh kW kKWh MW Mwh
114 110 112 1 148.82 7.37 147 23 4,154 4,000 143 143
o 1] 107 12 44 55 f.8 50 240 4192 50,000 45 1,760
04 [ii] 102 i1 40.14 5.9 53 1,013 4230 252 000 48 2.08g
24 25 ar 207 35.81 5.28 &7 2,727 4,087 BA3,000 53 31,580
o4 20 a2 367 131.44 4.70 160 3,852 4305 | 1,666,000 156 60,272
34 &5 ar 510 127.07 4.13 163 3,820 4343 | 2,215,000 150 B0,855
84 &0 82 GE2 22.70 3.71 G5 3 238 4380 | 2987 000 A1 109,725 |
78 75 77 BDE £33 3.28 &7 ] 4418 | 3551000 [ik] 131,184 |
74 ] 72 B34 3.04 28 [ 1,240 4485 | 4 161,000 B4 153,378
ad [ ar BEE 0e.59 2 .58 1] 205 4483 | 3,845,000 [il] 141,468
a4 &0 a2 TE1 108.22 2.28 171 =401 4531 | 3,584,000 166 131,287
] L] a7 T 100.85 2.00 171 -1 4588 | 3,431,000 166 124, 850
S 50 52 732 2048 2.00 i -093 4276 | 35003000 T 121,830
44 45 47 G42 821 2.00 T -308 3835 | 2462 000 &7 107,285 |
44 40 41 A05 av_rd 2.00 7 -478 3416 | 1,725,000 GE B4, 603
24 35 ar 401 83.37 2.00 171 -378 3,024 | 1,241,000 168 g7,30d
4 30 32 7 72.00 2.00 171 -262 2,542 782,000 168 45,563
28 25 27 133 74 63 2,00 T -128 2 880 354 000 ] 23 382
24 20 22 51 7026 2.00 T 48 2513 128 000 [il:] g2.500
14 ] 17 id a5.8a 2.00 7 -15 2,382 33,00 il 2687
14 1] 12 3 d1.52 2.00 171 -3 2287 7,000 168 504
2 5 T 1 A7.15 2.00 171 -1 2187 2,000 168 164
4 ] 2 1] 52TH 2.00 171 1] 2088 [1] 168 ]

P lal(C
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EPRI - costs for ACC at site 1

Annual Cost, $

$6,500,000
$6,000,000
$5,500,000
$5,000,000
$4,500,000
$4,000,000
$3,500,000

Annualized Costvs. ACC Size--Site 1

N

~

\ P e
20 25 30 35 40 45 50 55
ITD, F

60

Figure 7-1

Annualized Cost vs. ITD---Site 1; Combined-Cycle Plant
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EPRI — optimized wet cooled at each of the 5

sites

Table 7-6

Optimized Wet Systems at Five Sites; Combined-Cycle

Optimized Wet Systems at Five Sites

Site 1 Site Site 3 Site 4 Site
Approach, F 12.5 7.5 12.5 12.5 125
Range, F 225 15 20 225 175
Flow, gpm 97.000 146,000 110,000 97.000 125,000
CWT, F 81.5 B6.5 835 B0.5 B5.5
HWT, F 104 1015 103.5 103 103
TTD, F 4.5 7.0 5.0 55 5.5
LMTD, F 125 13.0 12.4 13.8 12.2
[Cond Cost $1,330,000 $1,349,000 $1,351,000 $1.260,000 $1,377.000
Tower Cost 54,445 000 $5,103,000 54,445 000 54,445 000 54,445 000
System Cost 55,775,000 $6,452,000 55,796,000 55,705,000 55,822,000
Fan Power, HP 928 1,164 928 925 928
Pumping Power, HP 1,106 1,665 1,254 1,106 1,425
Power Cost 5465 000 $647.000 $499.000 $465.000 5538000
Annualized Cost $927,000 $1,163,000 5$963,000 $922,000 51,004,000
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EPRI—-ACC is currently 3.5X to 4.5X the cost of
wet cooled across range of environments

Capital Cost Ratios for Dry vs. Wet Systems

NENE

:

Cost Ratio

58 8 8 8

She 1 Site 2 5ite 3 Site 4

Figure 7-5
Capital Cost Ratios for Optimized Wet and Dry Systems for Each Site

ciﬁ[.itim@ Draft — Official Use Only 115

CHAMNGING WHAT'S POSSIBLE



EPRI — breakeven cost of water somewhere
around $2 to $3/kgal

Annual Cost Ratios vs. Water Cost
| Base—$1.00/kgal M $2.00/kgal O$4.00/kgal |

500

4.50

4.00

Cost Ratios
[ %]
in
L=

1.00
050
0.00

Site 1 Site 2 Site 3 Site 4 Site 3

Figure 7-8
Effect of Cost of Water on Annual Cost Ratios
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Hightower presentation

Dry and Hybrid Cooling
Issues and Opportunities

190

* 90% Less water
consumption

* 6 % loss in production 250

« 20% reduced capaci
at hottest hours pachy

» 10% increase in capital
cost

Nt past eutput, MWe

* 1-2 ¢ /KWh increase in

cost of power
| 50 10 0 80 Iy 80 Bl 1 L1 12
Ambaeat temperature, F
Figure 5 Net Plant Output as a Function of Ambient Temperature, Dry Heat Rejection
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DOE/Argonne — location information

Table 2 - Locations for Model Euns

Site Name Location Water Body 1% 1% Humidity | Summer
Highest | Highest | (lbs Surface
Dy Bulb | Wet Bulb | H20/1b Water
Temp Temp dry awr) Temp. (°F)
(F) (F)
Delaware Philadelphia, | Delaware 03 79 0.01849 |76
River Basin | PA River
Michigan/Gr | Detroit, MI | Lake Ene 02 76 0.01597 ([ 73
eat Lakes
Ohio River Indianapolis, | White River 94 78 0.01733 (76
Valley N
South Atlanta, GA | Chattahoochee | 95 78 0.01712 |79
River
Southwest Yuma AZ Colorado 111 79 0.01469 | 32
River

Qi D|J\i° S
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DOE/Argonne — location information

Table 3 — Monthly Average Temperatures

Site Mame Temperamres Jan Feb Mar | Apr | My | hmn Fual Aunz | Sep Cict Movw | Dec
(" F)

Dielaware Fiver Wet Bulb 303 [32]1 | 383 (469 | 568 (653 | 700 (&85 | 623 523 | 426 | 338

Basin Dy Bulb 303 (330 | 424 [ 523 | 629 [ 717 | 7AT | 756 | 682 | 564 | 464 | 356
Surface Water | 360 |36 | 473 [ 538 | 630 | 739 | BOG6 [ 806 | T12 |65 5534 | 480

Michizan Great Wet Bulb 237 | 260 | 327 [ 425 | 531 | 619 | 661 | 651 |578 |473 (370 | 270

Lakes Ciry Bulb 2446 | 267 | 365 (482 | 508 | 4603 | T41 | T24 | 651 |S535 [ 419 | 208
Surface Water | 373 | 350 | 345 [304 | 512 [ 639 | 720 | 730 | 681 | 500 | 517 30

Chio River Valley Wet Bulb 265 (303 | 374 (4646 | 567 | 652 | 688 | 673 | 602 | 497 | 304 | 277
Dy Bulb 155 |06 | 413 (524 | 626 |TIB | 753 | 731 | 686 | 546 | 430 | 3009
Surface Water 3 [456 | M1 [577 | 680 | 733 |77 | V&9 | 713 | 625 [ 517 | 373

South Wet Bulb 301 (424 | 476 | 538 | 625 (600 | 721 (712 | 660 (533 | 424 | 385
Ciry Bulb 410 [#H9 | 5533 (614 | 601 | 760 | TET [ TEO | Ti6 623 | 550 | #M45
Surface Water | 540 | 358 | 57.7 | 682 | 732 | 75 817 (835 | 750 |604 | 637 | B8

Soutnwest Wet Bulb 430 [ 461 | 485 [ 522 | 564 | &2 700 [0S | 65T | 574 | 480 | M0
Dy Bulb 564 (606 | 648 [ TL2 | TEE | B74 | 936 | 926 |B6T | Tl | 641 | 564
Surface Water | 516 | 556 | 304 | 655 | 707 | 754 | 7T | TE4 | TS [ TOY | 615 | 538

: BT, , .
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DOE/Argonne estimate of energy penalty

Table 6 — Estimated Annual Energy Penalty

Site Location Energy Penalty Relative to Once-Through Energy Penalty Relative to
Cooling System (%o) Wet Tower (%)
Wet Tower | Indirect Dry | Indirect Dry Indirect Dry | Indirect Dry
Tower - 20 Tower - 40 °F | Tower - 20 Tower - 40
“F Approach | Approach °F Approach | °F Approach
Delaware Raver | 1.18(3.12) | 4.71(9.27) 823 (13.23) 3.57 713
Basin
Michigan/Great | 1.47(3.08) | 417 (9.75) 8.05(13.21) 3.29 6.68
Lakes
Ohio Biver 1.14(298) | 4.50(9.61) 7.91(13.42) 3.39 6.84
Valley
South 082(241) | 5.20(9.33) 5.82(13.14) 441 3.07
Southwest 0.80(2.06) | 7.70(12.04) | 11.37(15.79) 6.96 10.66

( )- Peak energy penalty model results ron nsing a 15 degree F range.

P
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Burns and Michelelli — cooling trends

250000

200000

Once-through

150000 |- Cooling

100000 Recirculated

Cooling

50000

Cumulative Gross Generating Capacity (GW)

{] o 1 1 1 1

1950 1960 1970 1980 1990

Year Commissioned

Figure 1
Growth of Once-through and Recirculated Cooling'
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Burns and Micheletti — dry bulb to backpressure

relationship
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Ambient Dry-Bulb Temperature (F)

Figure 2
Ambient Dry-Bulb Temperature vs Turbine Backpressure
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Dry cooling economic benefits and challenges

Benefits Challenges

Flexibility in location — could be put Lower efficiency

closer to end use/customer

Saves water Upper temp limited by backpressure
limits of turbines (perhaps turbine
redesign)

Plume abatement Fans and other parasitics

Avoids water regs Greater footprint (but, higher surface

area to volume ratio?)
Ambient temp has higher variability

\-il |)\i°e' Draft — Official Use Only 123
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The US total water withdrawal was 400BG/d;
total freshwater withdrawal was 330BG/d (2000)

500 500
= Total Freshwater
—— Surface Water
400 e Ground Water

Fresh Water Withdrawals
(Billion Gallons per Day)
| L

Water Withdrawals
(Billion Gallons per Day)




Not an emissions play — water vapor from power
plants

But there is an important fundamental difference between emissions of water vapor and emissions of CO; and
methane. Unlike carbon dioxide and methane, the concentration of water vapor in atmosphere fluctuates
rapidly with changes in the temperature and pressure of the air. That is, a molecule of water vapor emitted
from a power plant will condense out if and when the air gets cold, and the associated greenhouse gas effect
will end. Not so with CO; and methane - they stay in the atmosphere and redirect photons until they undergo a
chemical reaction. Once emitted, these molecules can remain in the atmosphere for decades or centuries.

The natural water cycle maintains a relatively constant humidity in the global atmosphere and so the effective
lifetime of water vapor emissions is a few weeks or less. It is because of this effect, the very short “lifetime” of
water vapor emissions in the atmosphere, that water vapor emissions do not exert significant direct greenhouse
effects.

Table 3. Worldwide potential emissions from power production

Amount
Water vapor source (Billion metric
tons)
Combustion-based 1,410
Drying and cooling water 7,014
Total from thermoelectric power (all worldwide fossil fuel resources) 8,424

This conservative estimate calculates that conversion of all worldwide fossil fuels for thermoelectric power will
generate roughly 1 x 10'° kilograms (kg) of water vapor, Table 3. To put this in perspective, the current
amount of water vapor in the atmosphere is 1.3 x 10'® kg water®. Spreading the effect of the conversion over
100 years gives a water vapor emissions rate of 1 x 10" kg water vapor per year. This is roughly 1% of the
total amount of water vapor in the atmosphere or 0.02% of annual rainfall worldwide (5 x 10'" kg water).

Y Ve .
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Name of
Plant /
Company Type

Millstone  Nuclear
Nuclear
QOil/gas
extraction
Hydro
Qil/gas
extraction

Bonneville

Power

Administrat

ion Hydro

Hoover

Dam Hydro

NV Energy Coal

Hydro
North
Platte
Project Hydro
Thermal
Thermal
Brayton
Point Coal

—=— m—
CHAMNGING WHAT'S POSSIBLE

Location
Waterford, CT
Braidwood, IL
KS, TX, PA, ND
CA

Grand Prairie,
TX

NV

Chattahoochie
River

TN
AZ

MA/RI

Year Impact

2012Cooling

Cooling
QOil/gas
2012production

2012Generation

2011Generation

2010Generation

2010Generation
Plant
2009construction

2007Generation

2006Generation
Plant

2002construction
Plant

2002construction

Details

One reactor shut down because water from Long Island Sound was too
warm

Needed to obtain special permission to operate with cooling water pond
4 degrees above normal limit

Denied access to water for at least six weeks

Reduced snowpack in Sierra Nevada reduced power generation by 38%
compared to previous summer

Banned use of city water for hydraulic fracturing during certain drought
conditions

Insufficient hydro generation associated with drought resulted in $164m
loss in FY2010

Capacity reduced by 23%
Abandoned a plan for a 1500MW power plant that would have used
1.7m gal water/hr

Severe drought reduced hydro generation in the Southeast by 45%

Power production reduced by 50%

Moratorium on installation of new merchant power plants because of
cooling constraints

Arizona rejected permitting for proposed power plant because of impact
to local aquifer

EPA mandated a 94% reduction in water withdrawal, replacing seawater

zooﬁ?gﬂ“—n@fﬁcial Ué@iﬂjrﬁrﬁshwater cooling towers due to 87% reduction in fin fish 126



BP study — schematic of cooling types

a Once-through cooling
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Withdrawals stay steady b/c of efficiency gains,
even though the population is growing
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DOE report — water use for energy types

once-through coollng pond _recirculating dry-cooled
[ ) ) o N v —r |
s @ ] lﬂ h @ ] @ W 1‘ h h - B = . Nuclear
= 60000 l 1 v - . Coal
> 50,000 : 1,000 2
= _<c:> ‘| Biopower
= 40,000 800 ® NS
S ! 2 A Natural gas
3 30,000 I 600 § combined-cycle
,3, 20,000 | | 400 'g‘- L E CSPtrough
2 10,000 B | = 200 2§
£ ' = ( e S8 pVSolar
s 0 | =) — = S S . - 0 g
i e v
- . . Wind
Withdrawals — median - =) Consumption
Ranges reflect minimum and maximum water-use values.
Figure 13. Water use by fuel and cooling technology
Sowrce: Adapéed from Avaryt et &l 201
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Environ. Res. Lett. T{2012) 034034 B T Sanders and M E Webber

WS Energy Consumplion dor Direc! Waler Seraices and Direct Sieas Llss in 2010
Sanchern B Wb, Thi Uinkseraty of Tecis al Awatin £ 2002
LS Eaargy ForiyiateraTH 20T1E

Hegecizd Energy
3207 il n BTU
Heprcied Energp
7.1 8E hiilan ETU

Fiiclendial 2 77 jalbom BT

Figure 3. This diagram summarizes the water-rel ated energy flows in the United States included in the direct water services and direct
steam use categories. Primary fuels (on the lefit) are used directly and indirectly via electricity generation for different purposes (on the
right). The thickness of the flows is proportional to the amount of energy conswmed. About 58% of the tal enemgy consumption is lost as
waste heat. Note: the 5.4 quads used for electricity generation only includes retail electricity sold to residential, commercial and industrial
customers; the primary energy consumed for electricity generated and used on-site is included in the sector where it was generated.
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4. Water temp rise making water cooling less
attractive/possible

Laramie River
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Martin Lake

Power plant dependence
on water can create a
range of problems,
including for the plants
themselves. Plants have
recently run into three
kinds of challenges:
incoming cooling water
that is too warm for
efficient and safe
operation, cooling water
that is too hot for safe
release into nearby rivers
or lakes, and inadequate
water supplies. In
response, operators must
reduce plant output or
discharge hot water
anyway, at times when
demand for electricity is
high and rivers and lakes
are already warm

Next steps: Internal analysis to better understand the extent of this issue and its implications.
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Teledyne absorption cooling heat pipe concept

TOTO

Evaporator@

T T WDumpheat Generator@
I

Porous structure A (for
solution transport)

Condenser@

NH; Expansion in
porous structure B

TTT

Collect heat

Absorber@

Primary cooling

Tttt ;:_%"’;V 443
dsteam| | | b —

. TAS steam
Generator

\\\\\\

cooler

Secondary
cooling loop

QrpQa-e
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Proposed next steps:

*Fund group through a
grant to develop a thermal
model and basic cost
model to show benefit.
Increased efficiency?
Reduced area required?
Etc.

* Fund team through
IDEAS to build a prototype
heat pump to demo
concept.
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There are many opportunities for water
reduction in thermoelectric power plants

Boiler

Flue Gas
340°F
4,060,000 Ib/hr

) 500 MW
Evaporation Generator
5,000 gpm
and lllIIIllIlIlII
Condense Drift Loss e
25 (T
Vapor 29T
— Cooling
Tower

Steam
2,500,000 Ib/hr

Fan

—

Utilize Waste

Heat )
(60% Wasted) _

Improve Cycle
Efficiency

Drift
Eliminator

LT

Boiler
Ash

Use Less Water
for Cooling /

Warm Water

Tuo ST Aly prohl
2 250,000
15-"113?) M acfm gpm Condenser

Makeup Water Blowdown Water
6,253 gpm 1,250 gpm — Water
Cold Water 109°F
82°F

ARPA-E focus: eliminate the cooling tower via innovative condenser technology
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Approaches that are currently being pursued

» Use alternative sources of water for cooling (for example,
wastewater). Shortcomings...

— disadvantages to using reclaimed water — one is that you've
got to do more cleaning of your equipment, and more cleaning
of the water that’s discharged

» Air cooling
— 1% of air cooling in US now
— Where it is internationally
— Why has it not been used more? performance and cost
— Compare to wet cooling
— Talk about dry bulb vs wet bulb temperature

» Others?

Yoa'aYa |
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http://www.nasa.gov/sites/default/files/earth
20140225-full.ipg
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http://www.nasa.gov/sites/default/files/earth20140225-full.jpg
http://www.nasa.gov/sites/default/files/earth20140225-full.jpg
http://www.nasa.gov/sites/default/files/earth20140225-full.jpg
http://www.nasa.gov/sites/default/files/earth20140225-full.jpg

http://3.bp.blogspot.com/-
QXFRDtji88Q/UwWZ-

bneuM5I/AAAAAAAADXc/gMIzBxcs241/s1
600/la-me-folsom-lake03-jpg-20140115.jpg
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Wet bulb vs dry bulb

EL PASO

Dry-Bulb Temperature Hours For An Average Year (Sheet 5 of 5)

TX

Period of Record = 1972 to 1996

Annual Totals

\il Qlj\i ° :\ﬁ'
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Comparison of wet vs dry bulb temperature for site 1
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Percent of time at or above condenser temeprature
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100.00%

Comparison of turbine backpressure generated forsite 1
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EPRI/NSF running a program to improve air
cooled systems

» Goals of program:

» But, we argue that this won’t get us all the way there — still limited by dry bulb
temperature, so still need to cool return water. Otherwise, turbine backpressure.

» EPRI’s preliminary first-order estimates show that cooling innovations resulting in
a 15°C reduction of the steam-condensing temperature, from 50°C to 35°C,
would result in 5% more power production

T-S Rankine Cycle Diagram for Steam

600
/ 3
Coal-Fired Power F-‘IQnt/

400
300 T-5 Diagram for i ; <

Pure Water ‘

A
200 A 4 5
7 m clear Power \\
100 =3 Pant S
(A S LN |7
4] - T T T T
o 2 4 5] a8 10

Temperature (°C)

Entropy (kJ/kgk)

income ($0.05/kWh) for a 500 MW power plant due to reduced steam condensing
temperature from 50 °C to 35 °C.
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Distribution of Power Plant Intakes by Depth from Surface”
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Reason to believe water availability and quality
challenges will only get worse

Population growth

Domestic Water Use in Gallons per Day per Person and
Projected Percent population Change by 2030

Domestic Water Use

(Gal/day/person)
[ o-7s
[ 76-100
B vo1-125
I 126-150
I 520

Domestic Water Use in Gallons per Day per Person and
Projected Percent Population Change by 2030 (Source:
Water data from USGS, Estimated Use of Water in the
United States in 2000, County-level data for 2000;

population data from U.S. Census Bureau, State Interim
Population Projections: 2004—-2030)
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Climate change

T
RCP8.5

Radiative forcing (Wm)

1800 1900 2000 2100 2200 2300 2400 2500
Year

Green house gas emission scenarios of climate models (Source: IPCC
AR 5 Working Group |)
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